In the framework of Left-Right symmetric model, we investigate an interesting scenario, in which the so-called VEV seesaw problem can be naturally solved with Z 2 symmetry. In such a scenario, we find a pair of stable weakly interacting massive particles (WIMPs), which may be the cold dark matter candidates. However, the WIMP-nucleon cross section is 3-5 orders of magnitude above the present upper bounds from the direct dark matter detection experiments for m ∼ 10 2 − 10 4
I. INTRODUCTION
The Left-Right (LR) symmetric model [1] , based on the gauge group SU(2) L × SU(2) R × U(1) B−L , is an attractive extension of the standard model (SM). The symmetry requires the introduction of right-handed partners for the observed gauge bosons and neutrinos, and a Higgs sector containing one bi-doublet φ (2,2,0), one left-handed triplet ∆ L (3,1,2) and one right-handed triplet ∆ R (1, 3, 2) . In such a minimal LR symmetric model, parity is an exact symmetry of the theory at high energy scale, and is broken spontaneously at low energy scale due to the asymmetric vacuum. Also CP asymmetry can be realized as a consequence of spontaneous symmetry breaking, namely the spontaneous CP violation (SCPV) [2] . However, such a scenario suffers from nontrivial constraints from the vacuum minimization conditions. It is explicitly demonstrated that the SCPV is not so easily realized if all the parameters in the Higgs potential are real and endowed with natural values [3, 4, 5] . The difficulty results from the facts that one of the neutral Higgs bosons carries dangerous tree level flavor changing neutral currents (FCNC) effect, and that quark flavor mixing angles and CP violating phase are all calculable quantities due to the LR symmetry. Therefore, many generalized CP violation scenarios beyond the SCPV case have been analyzed extensively [6, 7, 8, 9, 10, 11] . In these literatures, the masses of right-handed gauge boson W 2 and the FCNC Higgs boson are strongly constrained from low energy phenomenology.
Although the CKM matrix are more general not to be fully fixed than the SCPV case, it is proved that there is only one physical complex phase in the Yukawa couplings [12] . Hence the FCNC Higgs boson's couplings can't be absolutely free. The FCNC Higgs boson's mass still accepts strict bound. In terms of these observations, a generalized two Higgs bi-doublets model is proposed [13] . In this model, quark mass matrices become far more flexible and the FCNC Higgs boson's Yukawa couplings are now free parameters. Thereby low energy bound on the right-handed scale is largely alleviated. As other generalized models, the two Higgs bi-doublets version of LR model also has the advantage to realize the SCPV without the fine-tuning problem.
The LR symmetric model is also motivated to explain the very tiny neutrino masses.
When the vacuum expectation value (VEV) v R of the neutral component of ∆ R is very huge, typically of order 10 12 GeV, the well-known seesaw mechanism provides a very natural explanation of the smallness of neutrino masses [14] . However, the right-handed gauge bosons Z 2 and W 2 are too heavy to be detected at the Large Hadron Collider (LHC) and the future colliders. To allow for the possibility of an observable right-handed scale, many authors focus on the v R ∼ 10 TeV case. Although the seesaw mechanism can work well, we have to face the so-called VEV-seesaw puzzle. Namely, β/ρ is of order 10 −10 rather than the anticipant O(1), where ρ and β are located in the Higgs potential. One may introduce a discrete Z 2 symmetry ∆ L → −∆ L and ∆ R → ∆ R to resolve this VEV-seesaw problem [4] . It is worthwhile to stress that neutrinos are the Dirac particles in this scenario. If we preserve the Majorana Yukawa couplings, the corresponding model must lie beyond the LR symmetric model.
The Z 2 symmetry leads to the absence of both β-type terms and the Majorana Yukawa couplings, hence v L = 0 due to the minimization conditions. Furthermore, we find that the neutral Higgs bosons δ 0 L and δ 0 L * are a pair of stable weakly interacting massive particles (WIMPs). This is an important feature of our scenario which hasn't been indicated before.
It is a natural idea that δ 0 L and δ 0 L * may be the cold dark matter candidates [15] . We firstly calculate the WIMP-nucleon elastic scattering cross section which has been strongly constrained by the direct dark matter detection experiments, such as the CDMS [16] and XENON [17] . However, our result is 3-5 orders of magnitude above the present bounds for m ∼ 10 2 − 10 4 GeV [16, 17] . To avoid this puzzle, δ large. In this work, we examine whether our scenario can provide very large annihilation cross sections so as to derive the desired relic abundance.
In this paper we try to give a comprehensive analysis on these LR models with general parameter setting. Firstly, we perform a detailed investigation on the simplest LR model with one Higgs bi-doublet, in which there are no any CP violation phases. Then we generalize the simplest LR model to some other more complicated situations. It turns out that there's no significant differences among these one Higgs bi-doublet versions of LR model because the gauge and Higgs sectors are basically the same. Whereas in the two Higgs bi-doublet case, there would be more Higgs bosons and the Yukawa couplings might be quite different.
Hence more delicate analysis is needed. The remaining part of this paper is organized as follows. In Section II, we briefly describe the main features of the LR symmetric model and discuss the VEV-seesaw problem. In Section III and IV, the direct dark matter detection experiments put very strong constraints on the relic number density and the annihilation cross sections.
In Section V, we analyze whether the simplest LR model can be consistent with the above constraints or not. Then we generalize the simplest LR model to the two Higgs bi-doublets case in Sec VI. The summary and comments are given in Section VII.
II. THE LR SYMMETRIC MODEL WITH Z 2 SYMMETRY
The minimal LR symmetric model consists of one Higgs bi-doublet φ (2,2,0), one lefthanded Higgs triplet ∆ L (3,1,2) and one right-handed Higgs triplet ∆ R (1,3,2), which can be written as
After the spontaneous symmetry breaking, the Higgs multiplets can have the following vacuum expectation values
where κ 1 , κ 2 , v L and v R are in general complex. Without loss of generality, one can choose κ 1 and v R to be real, while assign complex phases θ 2 and θ L for k 2 and v L , respectively.
Following the requirements of the LR symmetry, we can write down the most general form of the Higgs potential [4] 
whereφ = τ 2 φ * τ 2 and all parameters µ i , λ i , ρ i , α i and β i are real. Only α 2 can be complex.
The phases of κ 2 and v L may lead to the SCPV [2] . It has been shown that the combing constraints from K and B system actually exclude the minimal LR symmetric Model with the SCPV in the decoupling limit [9] . For our present purpose, we investigate here the simplest LR model, in which α 2 , κ 2 , v L and the Yukawa couplings are real. It is worthwhile to stress that our remaining analysis can be generalized to the other CP violation scenarios [6, 7, 8, 9, 10, 11] .
In the minimal LR symmetric model, the Lagrangian relevant for the neutrino masses reads [4] :
where
After the spontaneous symmetry breaking, one may obtain the effective (light and left-handed) neutrino mass matrix m ν via the type II seesaw mechanism:
where κ = |κ 1 | 2 + |κ 2 | 2 ≈ 246 GeV represents the electroweak symmetry breaking (EWSB) scale and
Barring extreme finetuning, the neutrino masses m ν ∼ 0.1 eV [18] forces v L to be of order a few eV or less,
In this case, the right-handed gauge bosons Z 2 and W 2 are too heavy to be detected at the LHC and the future colliders. To allow for the possibility of an observable right-handed scale, many authors focus on the v R ∼ 10
TeV case. Although the seesaw mechanism can work well, we need to resolve the so-called VEV-seesaw puzzle [4] , which is indicated by a simple vacuum minimization equation:
Without loss of generality, one can write Eq.(6) in a compact form:
In view of the naturalness, one expects γ ∼ O(1). However, we find that γ ∼ 10 −10 as long as v R ∼ 10 TeV. This is the infamous VEV-seesaw problem in the literatures [4] . The neutrino mass matrix m ν in Eq. (5) can also be written as
It is shown that the VEV-seesaw relationship implies the unnaturalness for the auxiliary parameter γ if one wants to search for new physics at TeV scale. To avoid the VEV-seesaw puzzle, a smart way is to introduce some new symmetries to eliminate all β-type terms of the Higgs potential. However this is not a easy task in the current model. One may guess there exists some additional global symmetries like U(1) acting on the Higgs fields which can eliminate all β-type terms [4] . However, such alternative always affects the fermion sector and fails to give correct fermion masses and mixing. If there is an approximate U(1) horizontal symmetry to suppress β i without eliminating them completely, then one may solve the VEV-seesaw problem [10, 19] . Unfortunately, this model yields a small mixing angle within the first two lepton generations. In Ref. [4] , the authors suggest a Z 2 symmetry
which can eliminate all β-type terms of the Higgs potential. However, this discrete symmetry also eliminates the Majorana Yukawa couplings, which implies that neutrinos are Dirac particles. At this moment, Eq.(6) becomes with Z 2 symmetry have been shown in Ref. [20] . Here, we show the mass spectrum for the Higgs bosons and gauged bosons at leading order in 
III. THE DIRECT DARK MATTER DETECTION
The current direct dark matter detection experiments, such as the CDMS [16] and XENON [17] , have provided very strong constraints on the WIMP-nucleus elastic cross section. The rate for direct detection of dark matter candidates is given by [15] 
where N i is the number of nuclei with species i in the detector, ρ local is the local energy density of dark matter, m is the mass of cold dark matter. σ iN is the WIMP-nucleus elastic cross section, and the angular brackets denote an average over the relative WIMP velocity with respect to the detector. Using the standard assumptions of ρ local and distribution of the relative WIMP velocity [21] , one can derive the constrains on WIMP-nucleon cross-section We find that the main contribution comes from the Z 1 exchanging process, which produces a spin-independent elastic cross section on a nucleus N [22] 
where Z and A − Z are the numbers of protons and neutrons in the nucleus, respectively.
Traditionally, the results of WIMP-nucleus elastic experiments are presented in the form of a normalized the WIMP-nucleon cross section σ n in spin-independent case, which is straight
where 
where n δ 0 L is the total relic number density of δ the input parameter [16] . It is worthwhile to stress that the bound in Eq. (14) is not valid for m < 100 GeV.
The present experimental bounds are based on the standard assumptions for the galatic halo [21] . It needs to be mentioned that the rotation curves of disk galaxies may also be explained by the Modified Newtonian Dynamics (MOND) [24] . On one hand, we use the MOND to account for the rotation curve of the Milk Way; On the other hand, we still believe that the cold dark matter exists in the universe. In this case, the local energy density of cold dark matter may be far less than the standard assumption. Therefore, we may give up the above constraints from the direct dark matter detection experiments. Subsequently, the stable particles δ 0 L and δ 0 L * may be the cold dark matter.
IV. CONSTRAINTS ON THE ANNIHILATION CROSS SECTION
The thermal average of annihilation cross section times the "relative velocity" σv is a key quantity in the determination of the cosmic relic abundances of δ analyze whether the present model can satisfy Eq. (14) .
are a set of similar particles whose masses may be nearly degenerate. The total relic density of the lightest particles δ i=1 n i . The evolution of n is given by the following Boltzmann equation [25] :
where H is the Hubble parameter, n eq is the total equilibrium number density, v is the relative velocity of two annihilation particles. The effective annihilation cross section σ ef f is
. For the total equilibrium number density, we may use the nonrelativistic approximation n eq ≈ g ef f (mT /2π) 3/2 exp(−m/T ).
For particles which potentially play the role of cold dark matter, the relevant freeze-out temperature is x f = m/T ∼ 25. In our scenario, one can derive x f > ∼ 35 which can be seen in Eq. (19) .
we can arrive at σ ef f = σ 12 /2 in our model. In addition, we find that it is also a rational approximation σ ef f ≈ σ 12 /2 even if all masses of δ i L are nearly degenerate. For simplicity, we take σ ef f v = σ 12 v /2 in the remaining analysis of our paper.
For nonrelativistic gases, the thermally averaged annihilation cross section σ 12 v may be expanded in powers of x −1 , σ 12 v = σ 0 x −k , k = 0 for the s-wave annihilation and k = 1 for the p-wave annihilation [26] . The general formula for σ 12 v is given by [27] 
where ω ≡ E 1 E 2 σ 12 v, prime denotes derivative with respect to s/4m 2 , and s is the centerof-mass squared energy. ω and its derivative are all to be evaluated at s/4m 2 = 1. The final number density n δ 0 L is given by [26] 
with
where M P l = 1.22 × 10 19 GeV and g * is the total number of effectively relativistic degrees of freedom at the time of freeze-out. Here we take g * ≈ 100 for illustration. With the help of Eqs. (14), (18) and (19), we can derive
V. ONE HIGGS BI-DOUBLET MODEL
In this section, we shall investigate whether the above bounds can be satisfied in one
Higgs bi-doublet model or not. Since there are many unknown parameters, some rational assumptions have to be made for our model so that one can calculate all relevant annihilation processes. In our scenario, the thermally averaged annihilation cross section σ 12 v is usually inverse proportional to m 2 as shown in Eq. (17) . Therefore, one can obtain mσ 0 ∝ 1/v R .
Namely, the smaller v R is, the easier Eq. (20) 
From the Z 1 invisible width one may obtain m > m Z 1 /2, which requires ερ 1 > 2.0 × 10 −5 .
On the other hand, we may require ρ 3 ≤ 4 in view of the perturbativity, and then derive It is worthwhile to stress that Eq. (17) is not valid when the annihilation takes place near a pole in the cross section [25] . This happens, for example, in Z-exchange annihilation when the mass of relic particle is near m Z /2. In general, all relevant annihilation processes may be divided into four categories in terms
where V and H denote the gauge boson and the Higgs boson, respectively. Next, we shall analyze in detail the four classes of annihilation processes and the resonance case.
Let's start with the first case: δ For the gauge bosons exchanging diagram, we can obtain
It is obvious that this is a p-wave annihilation process. With the help of Eq. (17), we have
GeV. It is 6 orders less than the lower bound mσ 0 ≥ 9.8 GeV 
which leads to a s-wave annihilation process. One may immediately derive (mσ 0 ) top ≤ 1.5 × 10 −5 GeV −1 for m ≥ 500 GeV and α 1 = 2, which is far less than the lower bound
In Fig. 1 , we show all possible Feynman diagrams for the process δ Thus we only consider the contribution from Fig. 1a and 1c . The total annihilation cross section is found to be 
FIG. 1: All possible Feynman diagrams for the annihilation processes
). These cross sections have the same order as the Z 1 Z 1 case. However, the thermally averaged annihilation cross sections of these processes (except for W 1 W 1 ) are far less than the Z 1 Z 1 case with m = 500 GeV. Therefore, we don't analyze these processes in detail. In this subsection, we apply the above three suppressing factors to make an explicit demonstration of the LO processes, then give the convincing dark matter annihilation cross
FIG. 2: All possible Feynman diagrams for the annihilation processes
δ 0 L δ 0 L * → HH. H 0 H 0 (a) (b) ∆ L (c) ∆ L Z 1 /Z 2 (d)
Process Amplitude
Order Process Amplitude Order sections. The LO amplitude for each possible annihilation process is listed in Table II . The notations are as follows: p 1,2 denotes the momentum of the dark matter pair, while p 3,4 is the momentum of the final states, ǫ is the polar vector of gauge boson:
Here we only consider the cross sections with amplitude order 1. In terms of Table II, nine LO annihilation cross sections are listed in Table III , where
). We find that these processes fail to provide enough large cross sections. For δ as an example to illustrate the main features of this kind of processes. One can immediately derive
where we have used α 3 = 2. It is obvious that the maximum value can be obtained when
we don't discuss this class of processes in detail.
D. The resonance case
As pointed out in the previous discussion, the method of calculating the effective thermally averaged annihilation cross section σ ef f v is not valid for the resonance case [25] .
Here we numerically solve the Boltzmann equation Eq. (15), which can be reexpressed as [28] 
where H x=1 is the Hubble parameter evaluated at T = m and s(x) is the entropy density
given by
Y ≡ n/s is the ratio of the total particle number density n to the entropy density s. The equilibrium number density Y eq reads In fact, γ ef f is the reaction density defined by
where z = s/m 2 , K 1 (x) and K 2 (x) are the modified Bessel functions.
In our scenario, the exchanged particles may be Z 1 , Z 2 , h 0 , H Table IV . In addition, we also calculate the ρ 1 = 0.1 case, and list the corresponding results in Table IV . If ρ 1 = 0.1, the final states have to be two SM Higgs bosons. In views of Table   IV , we may find that the H GeV, the bound in Eq. (14) is not valid. For m = 59.3 GeV, we take σ exp n ≤ 4.6 × 10 −44 cm 2 [16] and derive the corresponding bound
In this case, δ 0 L and δ 0 L * mainly annihilate into the bottom quark pair. The annihilation cross section is given by ; χ = χ
The most general Yukawa interaction for quarks is given by
T . Parity P symmetry requires Y q ,Ỹ q , F q andF q are hermitian matrices. When both P and CP are required to be broken down spontaneously, all the Yukawa couplings matrices are real symmetric. After the spontaneous symmetry breaking, two Higgs bi-doublets can have the following vacuum expectation values
where κ 1 , κ 2 , w 1 and w 2 are in general complex. Then we may obtain the following quark mass matrices
In the two Higgs bi-doublets model, the stringent constraints from the low energy phenomenology can be significantly relaxed. In Ref. [13] , the authors calculate the constraints from neural K meson mass difference ∆m K and demonstrate that a right-handed gauge boson W 2 contribution in box-diagrams with mass around 600 GeV is allowed due to a cancelation caused by a light charged Higgs boson with a mass range 150 − 300 GeV. Therefore, we take v R ≈ 2 TeV instead of the previous v R = 10 TeV for this section. It is worthwhile to stress that our previous estimation is still right for this case except for the process
in Eq.(30) will be about 5 times larger than that in the v R = 10
TeV case, which does not affect our conclusion.
Since there are two Higgs bi-doublets, we can give more dark matter annihilation processes 
where m h denotes the mass of a light Higgs boson which comes from φ 
where f ∼ 0.02Y q w 1 /m u [15] . Using the above parameter setting, we may derive σ n > ∼ 6.1 × 10 −35 cm 2 , which is far more than the Z 1 exchanging case of Eq. (13) . The more larger Y q is, the more larger σ n is. Therefore, we can not give the desired relic number density through increasing the Yukawa couplings. [3, 4, 5] . It is of importance for us to comment on some more general LR models with one
Higgs bi-doublet [6, 7, 8, 9, 10, 11] . The differences mainly come from the complexity of Higgs potential parameter α 2 and Yukawa couplings. We stress that our conclusion in Sec V could be generalized to these more general cases without any dramatic alternation because the gauge and Higgs sectors are basically the same. APPENDIX A: SCALAR AND SCALAR-GAUGE TRILINEAR AND QUARTIC
COUPLINGS
We intend to calculate the cross section to the leading order for each process of dark matter annihilation. We first work in the framework of simple left-right symmetric model with one Higgs bi-doublet and one pair of LR triplets. To simplify our calculation, we take the decoupling limit in which κ 2 /v 2 R ≃ 0 where κ 2 = |κ 1 | 2 + |κ 2 | 2 denotes the EWSB scale.
The VEVs of the Higgs bi-doublet are required to satisfy the low energy phenomenology constraint κ 2 /κ 1 ≤ m b /m t , which may produce correct quark masses, small quark mixing angles and the suppression of flavor-changing neutral currents [31, 32, 33, 34] . For simplicity, we take κ 2 ≃ 0 which is a reasonable approximation at the leading order since κ 2 /κ 1 is now around 10 −2 . Actually the limit κ 2 → 0 brings additional advantage that the vacuum CP phase θ 2 could be taken zero safely without hampering the estimation. These approximations could largely simplify our calculation.
The relevant scalar trilinear couplings and quartic couplings under the unitary gauge are shown in Table V . Here we write out the scalar-gauge interactions: 
where the connection between weak eigenstates (W 3L , W 3R , B) and physical states (Z 1 , Z 2 , A)
are demonstrated by the following orthogonal transformation at the leading order:
The SU(2) L,R gauge coupling g and U(1) B−L coupling g ′ are related to U(1) EM gauge coupling e:
Here our conventions are the same as those in Ref. [20] .
